SUMMARY: Sex incompatible (F -) strains of Escherichia coli have a lower acid agglutination point, a stronger affinity for a basic dye and a greater stability in broth cultures as compared with F + strains of corresponding phenotype. These findings indicate a correlation between some surface properties and sex compatibility. These surface properties and the F + state are transmitted infectively from F + to F-strains at the same time. Screening for cultural behaviour of infected strains yields results fully consistent with screening for sex compatibility.
In the last few years evidence has been offered for a system of sexual compatibility in Escherichia coli K 12 (Lederberg, Cavalli & Lederberg, 1952 ; Cavalli, Lederberg & Lederberg, 1953;  Hayes, 1953) . On this ground it has been possible to distinguish between self-compatible strains (termed F + ) defined as those which are productive of recombinants even when crossed with incompatible strains (termed F -) which, in turn, have been defined as those which recombine only with F + strains. The property F + is transmissible from F + to F-organisms by infection due to an agent (F) which has not yet proved separable from the organism.
The nature of F is still unknown mainly because no physiological changes have been so far correlated with changes in F state. However, the great amount of data collected by the authors quoted above does contain useful indications for further investigations in this direction.
Infection seems to be effected by a short contact between single organisms of opposite F state, which modifies properties determining frequency of recombination both relatively and absolutely. In fact, F + x F -crosses are more productive than F + x F + ones. The far lower frequency of recombination, compared with that of infection, together with the fact that all recombinants from F + xF-crosses are F+, suggests that infection is a prerequisite of recombination.
On the other hand, F + and F-seem to be characters resulting from a different degree of the same property, on the ground that in a cross F+ xF+ one of the two strains behaves mostly as F + and the other as F-.
These data, if considered all together for a coherent interpretation, focus the problem of sex compatibility on the factors which determine the contact of organisms. Tentatively, it might be thought that some sort of interaction within the surface of organisms defines the probability and the extent of their contact, besides such other obvious factors as density, agitation, etc., of the suspensions of organisms.
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It seems worthwhile, therefore, to search for differences in surface properties between organisms of opposite F state, especially since the finding of properties correlated with sex compatibility might offer new experimental criteria for investigating the problems outlined above. In fact, the screening of F + and F-strains has been concerned, up to now, only with testing their capacity to recombine with strains of known F state and with ability to transmit F by infection. Both methods, apart from the obvious merit of yielding a direct answer, have the disadvantage of being unsuitable for large-scale experiments.
A comparative study of some surface properties of F -and F + strains has been made by determining: (1) the acid agglutination point; (2) the affinity for acid and basic dyes at different pH values; (3) the stability of broth cultures.
The preliminary results of this investigation (Maccacaro, 1955) were such as to suggest further work of which this paper is the report.
METHOD
Organisms. The strains of Escherichia coli used in this investigation were all derivatives of E. coli K12 and were kindly supplied by Dr L. L. Cavalli Sforza and Dr L. Fischer Fantuzzi. The phenotype of the strains is fully described in Table 3 . Eight of the strains were used more often than the rest, thus permitting factorialization of: (1) two groups of markers, including biochemical deficiencies, sugar fermentations and virus resistance ; (2) sensitivity and resistance to streptomycin; (3) F -and F + state, according to Surface properties and sez compatibility
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Stability of broth cultures was tested nephelometrically in a Zeiss Stufenphotometer,with conical beam of light and filter L1. The medium was either the infusion broth prepared by the Istituto Sieroterapico Milanese (500 g. horse muscle + 20 g. peptone + 5 g. NaCl in 1000 ml. distilled water), or our nutrient broth NB5 (Beef extract Difco 10 g.; Bacto Peptone Difco 10 g.; Nutrient Broth Difco 8 g.; glucose 5 g.; NaCl 8 g. distilled water to 1000 ml.). Both media were adjusted to pH 7.3 and adjusted to the same optical density. Nephelometrical readings were taken, if not otherwise stated, a t the 20th hour of incubation.
Infection was carried out by mixing the F -and the F + strains in a largesize test tube containing 5 ml. of one of the two broth media mentioned above. The test tube was then placed in a water bath at 37' and gently shaken throughout the time of infection. When the two strains had been chosen for opposite fermentation marker characters, their subsequent isolation was always made on EMB medium (Lederberg, 1950) .
Recombination was carried out by inoculating 108-109 washed organisms of each strain on the surface of minimal agar plates (medium of Lederberg, 1947) occasionally supplemented with thiamine. 
RESULTS
Determination of the acid agglutination point
The determination of the acid agglutination point (a.a.p.) was repeated four times for each of the 8 strains studied. Mean values for single strains and for one-factor groups of them are given in Table 2 . The statistical analysis of these data shows that the factor most affecting a.a.p. of the studied strains was, by far, the F state (P < 0.01). Streptomycin resistance had no effect on a.a.p.
(P > 0.05), while the effect of the other markers was just significant (0.05 > P > 0.01) in the sense that, in terms of a.a.p., M, strains were to M, as, broadly speaking, F-strains are to F+. No interaction between these effects is significant. The characters of strains are indicated by the headings of the columns and rows. The datum is the pH value at which agglutination occurs. Tables 1 and 3. corresponding one-factor quartet of strains.
k 0.035
124
G. A . Maccacaro and R. Comolli
Aflnity for acid and basic dyes at diflerent pH values Staining of the 8 strains with a mixture of Methylenblau B and Rubin S at different pH values resulted in a differential retention of the two stains by the organisms, varying from exclusively Methylenblau B to exclusively Rubin S, according to shifting of the pH values from 4 to 2. The data collected are not yet adequate for a satisfactory analysis, because of some difficulties in standardizing the experimental conditions. Nevertheless, it can be safely said that for any given pair of the studied strains it was possible to find a zone of pH values within the range pH 4-2, at which the F + variant retained the acid stain, while the F-variant retained the basic one.
Stability of broth cultures
The stability of broth cultures of strains with opposite F state was studied nephelometrically. Provided that the light beam impinged on the test tube at about 2 cm. from the bottom, the nephelometer readings were not a function of the total number of organisms in the culture but of the number of them which remained suspended in the medium. In fact, comparable cultures of pairs of strains, identical but for sex compatibility, when shaken gave comparable nephelometer readings and viable counts. As seen from Fig. 1 , both F + and F-strains grew at the same rate as indicated by the nephelometer readings, until a population density was reached at which F+ organisms precipitated while F-organisms did not. Surface properties and sex compatibility
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Curves given in Fig. 1 are samples chosen from many others and do not represent an extreme situation. On the contrary, a far greater difference between end-points was found very often. It is worth noting that as a rule such curves show some periodicity, just as if the spontaneous precipitation, by clearing the medium, allowed further growth of suspended organisms up to the concentration at which precipitation recurred. Curves given in Fig. 1 relate to cultures in infusion broth produced by the Istituto Sieroterapico Milanese. They are not reproducible in a poor medium like Nutrient Broth Difco, unless this is suitably supplemented, as is our nutrient broth NB5. Table 3 shows the effect of the F state on the stability of broth cultures of 17 pairs of strains with very different phenotypes. The data are recorded as the logarithms of nephelometer readings; it is apparent that for any given pair of strains, the F -strain scores regularly higher, no matter what the phenotype.
However, the extent of such a difference is by no means constant from strain to strain nor, within each pair of strains, is it constant over the two media used. It is our experience that for every strain one should look for the medium which Biochemical deficiencies : B =biotin ; M = methionine ; T = threonine ; L = leucine ; Th = thiamine ; C = Sugar fermentations : Lac = lactose ; Ma1 = maltose ; Gal = galactose ; Xyl = xylose ; Ara = arabinose ; Mtl = Virus resistances : T, = bacteriophage T, ; T, = bacteriophage T,.
Drug resistances : Az = sodium azide ; St = streptomycin ; Val = valine. Lysogenicity : Lp8 = sensitive to phage A ; Lp+ = lysogenic for phage A.
cystine ; H = histidine ; P = proline. mannitol .
Surface properties and sea? compatibility 127 yields the maximum difference in broth culture stability between the F -and the F + variants of the same phenotype. Accordingly, a statistical analysis of data reported in Table 3 , besides showing the impressive effect of F ( P < 0.001) reveals a highly significant effect of the medium. Moreover (Table 4) , the latter is significantly interacting with the effect of F which is, on the whole, appreciably greater in the infusion broth I.S.M. than in nutrient broth NB 5. Also the interaction ' F x phenotype ' is significant. The 8 strains on which the acid-agglutination point was determined were submitted to a more extensive study of their cultural pattern: 40 clones of each strain were examined nephelometrically (Fig. 2) .
Nutrient broth NB
The mean values of the log-transformation of nephelometrical readings are : The interaction 'markers x streptomycin resistance ' is irrelevant; the interaction ' streptomycin resistance x F ' is highly significant (P<O.Ol) in the sense that the effect of F is greater in St' strains.
F + and F -in rough and smooth forms It has long been known that broth cultures of bacteria in the rough form are very much more unstable than smooth cultures. Therefore, the question arises as to how much of the difference in culture stability between F + and Fstrains is due to a morphological difference. In fact, F -strains, when plated on nutrient agar, produce a majority of smooth colonies (about 70-90y0) which is decreased to a minority (about 20-40 yo) in F + strains.
Moreover, there is the same shift in the distribution of smooth colonies during the course of infection of an F -strain by an F + one. But data of this type are inadequate to give a quantitative knowledge of the impact of rough/ smooth dissociation on the cultural pattern of compatible and incompatible strains. Therefore a number of subcultures from rough and smooth colonies (care was taken to discard colonies of intermediate morphology) were studied nephelometrically. The investigation was made on all 8 strains quoted above with an experimental design enabling factorialization of: (1) F state; (2) rough/ smooth form; (3) streptomycin resistance. Part of the results of these experiments are shown in Fig. 3 . Averages calculated on the full set of experimental results are reported in Table 5 . A statistical analysis of these data shows that, Surface properties and sex compatibility 129 besides the main effects just mentioned, namely, (1) mating type; (2) rough/ smooth form; (3) streptomycin resistance (F, Ph and St), the following interactions of first and second order are also highly significant (P < 0-001) : (1) the effect of F is greater in smooth, i.e. the effect of Ph is greater in F + ; this interaction is greater in St"; (2) the effect of F is greater in St", i.e. the effect of St is greater in F-, this interaction is greater in smooth; (3) the effect of Ph is greater in St8, i.e. the effect of St is greater in smooth; this interaction is greater in F -. On the whole it is clear that broth culture stability is affected by F state and rough/smooth state quite independently.
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The cultural behaviour as a co-ordinate for the time-course of infection Provided the difference in F state is highly correlated with the stability of broth cultures and that morphological dissociation cannot account for such correlation, it seemed legitimate to attempt a description of the kinetics of F infection in terms of cultural behaviour. With this aim, strain 176 (F -Lac + ) has been infected with strain 230 (F + Lac -) under experimental conditions already described. The mixture of the two strains was plated a t intervals on EMB, whence 40 colonies were transferred to infusion broth I.S.M. for a test of cultural stability. Results are shown in Fig. 4 When colonies of the donor strain were isolated a t intervals during the infection and used for a test of cultural stability no modifications of this property were detected in them.
Particular attention was given to the effect of changes in experimental conditions on the kinetics of the transformation of cultural behaviour, with the aim of establishing what degree of standardization would be needed in further researches. It was found that this transformation is not appreciably affected by variations of temperature between 35 and 39' nor by variations of pH between 6-4 and 7-5. On the contrary it is strongly enhanced by agitation of the mixture of organisms. Transformation of the cultural behaviour was not obtained when infection was attempted in distilled water, saline and minimal medium unless these media were supplemented with yeast extract (0.5 yo,.
The effect of the initial ratio of the number of F -organisms to that of F + was tested by simultaneous infections of strain 176 with strain 230 at different F -to F + ratios ranging from 1 : 8 to 8 : 1 on a twofold scale. Results are given in Fig. 5 and clearly show the importance of the relative concentration of the donor and the acceptor strains. In fact, when 40 clones of strain 42 and strain 176, infected respectively with strains 243 and 230, were screened as F + and F -on the basis of their cultural behaviour and then submitted to recombination tests, results were fully consistent. Surf ace properties and sex compatibility
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Of course, whether homogeneous dispersions or agglutination occur, either spontaneously or because of a critical potential, must depend upon the balance of the cohesive and repulsive forces which are related to many factors, like hydration of ionizing and non-ionizing polar groups, adsorption of ions at the surface of the organism, proper electric charges of the organisms, etc. (Lamanna & Mallette, 1953) . Therefore, at this stage of our knowledge, to speak in terms of surface charges has no other validity than that of a simplification making easier the shaping of a model, which could be stated as follows.
Between bacteria suspended in a medium, cohesive and repulsive forces are produced, according to their surface charges. Sex compatibility of two strains is influenced by this interaction which is defined by the relative no less than by the absolute values of the charges. Self-compatible strains differ from the others in a surface structure which can be induced by contact (infection). All experimental results here reported are in agreement with this model but, unless supporting proofs of a more direct nature can be offered, the mere observation of a correlation of sex compatibility and surface properties is no reason to accept a cause-and-effect relationship. On the other hand, some supporting data are not to be dismissed:
(1) Various F+strains have different F + strengths and the relative behaviour of the two strains depends on the difference of F + strengths between the two (Cavalli et al. 1953) .
(2) BM -strains which have a mean acid agglutination point significantly lower than that of TLB, -strains are weaker F + than the latter ( Electrophoretic mobility drops to a minimum (Abramson, Moyer & Gorin, 1942) and frequency of recombination rises to a maximum (Maccacaro, 1953) during the early phases of growth of a culture.
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(4) Oxygenation of a BM -F + culture converts it into a reversible Fphenocopy (Lederberg et al. 1952) . Exposure of cultures of Staphylococcus pyogenes to oxygen prevents the effect of agents which would make the organisms less electronegative (Lerche, 1953) .
( 5 ) No morphological equivalents of sex compatibility have been detected at the cell surface by electron microscopy (Maccacaro & Pasinetti, 1955) .
Needless to say, many other facts cannot be fitted at this stage, within the model sketched above. But in whatever way the available evidence is taken, to say that compatibility and surface properties are highly correlated seems a safe conclusion, resting on the following points which seem proved beyond any doubt :
(1) Between the F -and the F + variants of every tested strain there is a uniform difference in surface properties.
(2) Compatibility and surface properties are transmitted infectively from F + to F -strains along the same time-course.
(3) Screening of infected strains for cultural behaviour yields results fully consistent with scoring for compatibility.
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